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REMARKS 

The present invention relates in part to the use of affinity tags in recombinant fusion 
protein constructs. In particular, the claimed invention relates to affinity tags which comprise 
two or more modules capable of mediating binding to streptavidin. 

Claims 1-34, 36, 37, 40-45 and 47-51 are pending in the application, with claims 16, 17, 
32-34, 36, 37, 40-45, and 47-51 under examination. The balance of the claims have been 
withdrawn from examination by the Examiner in accordance with a restriction requirement. 

Reconsideration of the claimed invention is respectfully requested in view of the 
foregoing amendments and the remarks contained herein. 

I. Rejection Under 35 U.S.C. §103 

The rejection of claims 16, 17, 32-34, 36-37, 42-45, and 47-51 under 35 U.S.C. § 103(a) 
as allegedly being obvious over Skerra and Schmidt, Biomedical Engineering 16: 79-86, 1999, in 
view of Srisawat et al, RNA 7: 632-41, 2001, is respectfully traversed. 

A. The secondary Srisawat et al. publication is not citable as prior art 

Applicants note that the present application claims priority from German patent 
application 2001 1013776, having a priority date of March 21, 2001. The publication date of the 
secondary Srisawat et al. publication is July 1, 2001, and is thus not citable as prior art against 
the present application. 

The Office Action asserts that the cited references are citable under 35 USC 102(e); 
however, neither cited reference is a patent application eligible for citation under 35 USC 102(e). 
Applicants request clarification of the basis on which the publications, and in particular Srisawat 
et al., is being cited against the pending claims. 
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While the initial burden of establishing a rejection lies with the examiner, Applicants 
provide the following comments to aid the Examiner in further analyzing the citability of the 
secondary Srisawat et al. publication. The pending claims are fully supported by the priority 
document (German patent application 20011013776), an English translation of which is provided 
herewith, and by PCT/EPO 1/1 1846, which was filed 12 October 2001. It is noted that in order to 
overcome a rejection under 35 U.S.C. 103, Applicants must show possession of something 
falling within the claims prior to the effective date of the reference being antedated. MPEP 
715.02. In this regard, Applicants point to pages 6 and 7 of the German priority application 
which discloses the use of two sequentially arranged streptavidin binding peptide modules; 
claims 2 and 3 of the German priority application, page 6, lines 16 to 21 and page 14 lines 20 to 
24 which disclose the sequences His-Pro-Baa and -His-Pro-Gln-Phe-; and page 16, last 
paragraph and claim 10, for example, that discloses a respective fusion protein. 

In the event that the rejection is maintained and the basis under which the publications, 
and in particular Srisawat et al, is being cited against the pending claims is clarified, Applicants 
reserve the right to file an affidavit under 37 CFR 1.131 if considered appropriate. However, 
based on the German priority application and PCT/EPO 1/1 1846, Applicants respectfully submit 
that it is apparent from the record that the secondary Srisawat et al. publication is not citable as 
prior art against the present application. 

B. Even if the prior art was citable against the present claims, the claims are not 
obvious over Skerra and Schmidt in view of Srisawat et al. 

The claimed invention relates to provision of a fusion protein comprising a streptavidin- 
binding peptide linked to a protein sequence of interest. As recited in claim 16, the streptavidin- 
binding peptide comprises a sequential arrangement of two modules with an amino acid 
sequence of -His-Pro-Baa- in which Baa is selected from the group consisting of glutamine, 
asparagine and methionine. At least one of the modules comprises a sequence -His-Pro-Gln- 
Phe-. 
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Applicant notes that Thomas Schmidt, the inventor named in the present application, is 
also named as an author of the cited Skerra and Schmidt article. This article is also summarized 
in paragraphs [0008] to [0011] of the present specification. 

The primary Skerra and Schmidt publication discusses two commercially available 
peptide sequences having binding properties towards streptavidin, invented by Drs. Skerra and 
Schmidt prior to the present application {see, e.g., U.S. Patent 5,506,121, also discussed in 
paragraphs [0008] to [0011] of the present specification). These two sequences are: 

• Strep-tag: Ala-Trp-Arg-His-Pro-Gln-Phe-Gly-Gly (page 80, right column, top of page); 
and 

• Strep-tag II: Asn-Trp-Ser-His-Pro-Gln-Phe-Glu-Lys (page 8 1 , left column, first full 
paragraph). 

While Skerra and Schmidt discuss the use of these previously known peptide affinity tags 
individually , nowhere does the article discuss any sequential arrangement of two such modules, 
as required by the present claims. 

The secondary Srisawat et al. publication is cited for allegedly recognizing "that affinity 
tags can be used in tandem and in multiples." Office Action, page 4. In fact, the secondary 
Srisawat et al. publication never discusses the use of multiple streptavidin binding peptides as 
the Office Action asserts. Srisawat et al. discloses certain RNA aptamers and fusions of 
individual aptamers with RNA molecules. The length of each aptamer is about 45 nucleotides in 
length, and the binding site of these RNA aptamers on streptavidin is not known. The underlined 
portions of the aptamers shown in Fig. 1 of Srisawat et al. does not depict tandem aptamers; it 
depicts the conserved regions of two aptamer families. Srisawat et al. does not teach the use of 
multiple streptavidin binding peptides; therefore even if combined with Skerra & Schmidt, the 
combination of publications does not lead to the claimed invention. 

It is further asserted that a motivation to combine Srisawat et al. with Skerra and Schmidt 
article is because "increased numbers of tags would enhance affinity." Office Action, page 4. 
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This assertion for providing "increased numbers of tags," however, is incorrect and does not 
properly reflect the physics and chemistry of how binding affinities are understood in the art. 

The affinity of a protein to its ligand is a defined by the association constant K a (or the 
reciprocal value thereof, the dissociation constant IQ). As stated in paragraph 8.2.1 on page 338 
of Creighton, Proteins, Structure and Molecular Properties, 2nd Edition, 1993, W.H. Freemann 
and Company, New York attached hereto "K a is a constant under a given set of conditions and is 
measured experimentally by the dependence of binding on the free ligand concentration." Simply 
increasing the number of tags does not alter the affinity in any way - the affinity of each tag for 
its ligand, and the overall affinity of the multiple tags, does not change. 

Even assuming the assertion is correct, however, one of skill in the art would not be 
motivated to increase the number of tags as the Office Action suggests. The intended purpose of 
Srisawat et al. as stated on page 632 of the publication is "to develop an RNA tag that binds 
tightly to a commonly available target molecule in such a way that the ligand-RNP complex can 
be selectively and gently dissociated afterwards." Driving the affinity ever higher would require 
increasingly harsh dissociation conditions. Ultimately, if it were correct that increasing the 
number of tags increases affinity, the logical conclusion is that increasing the number of tags 
would lead to a ligand-RNP complex which cannot dissociate without destroying the proteins of 
the complex. 

Moreover, the Office Action fails to consider in any way the substantial evidence of 
nonobviousness already of record in the present case. As discussed by Dr. Schmidt in paragraphs 
8-11 of his previously submitted declaration, the present invention is drawn to improved fusion 
proteins and peptides able to selectively bind to substrates comprising streptavidin (which term 
means either or both naturally-occurring and mutein or optimized forms such as the 
commercially available STREP-TACTIN® peptide). The streptavidin-binding peptides of the 
present invention have the ability to bind strongly to their substrate under non-competitive 
conditions and yet may be easily displaced under competitive conditions. This bimodal 
characteristic results from cooperative binding of a sequential arrangement in the peptide of at 
least two binding modules, wherein each module is able to independently bind either streptavidin 
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or a streptavidin mutein. In this way, the multiple modules cooperate under non-competitive 
conditions in a synergistic manner to cause tight binding of the peptide to the substrate. 

In the Schmidt declaration, comparative data is presented concerning binding to a 
streptavidin matrix of a fusion protein having a sequential arrangement of two peptide tags 
versus a single peptide tag. Under simple washing of the column with a buffer, the fusion peptide 
having a single tag begins to wash through the column, while the sequential tags bind more 
effectively. Under competitive elution conditions, however, each module of the sequential tags 
has to compete independently with binding of a free substrate binding molecule (or mimic 
thereof), e.g. biotin or biotin derivatives, thereby resulting in the effect that elution of the whole 
peptide that comprises the two sequentially binding modules is almost as fast as for a single 
module alone. 

As described in the present specification (e.g., in pages 3-8 and Example 3), the use of 
this sequential arrangement provides a surprising and substantial improvement in purification 
yield relative to the use of a single affinity tag under conservation of mild conditions for efficient 
elution by competitive displacement. This improvement in yield under preservation of mild 
conditions for the whole process has unquestionable practical benefit in the purification of 
recombinantly expressed proteins which often are labile and prone to denaturation under non- 
physiological conditions. 

Furthermore, the surprising nature of this discovery is apparent from Szostak et al., U.S. 
Patent No. 6,841,359, previously cited by the Examiner in the present case. In column 15, lines 
63-66, the '359 patent reports that the presence of two HPQ (His-Pro-Gln) motifs does not 
confer high affinity binding. Likewise, column 10, lines 12-24 reports that binding to 
streptavidin is actually conferred by the entirety of a 38 residue peptide . In contrast, the present 
invention demonstrates that a much simpler sequential arrangement of binding motifs can 
provide sufficient binding affinity while maintaining the ability of the streptavidin binding 
peptides to be readily eluted under competitive mild conditions, and thus can provide improved 
purification yields. 
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C. No prima facie case of obviousness has been established 

To conclude, Applicants respectfully submit that the secondary Srisawat et al. publication 
is not citable as prior art, and so no prima facie case of obviousness has been established. 
Moreover, the understanding and application of the secondary Srisawat et al. publication is in 
error. No motivation exists for combining the cited references is provided, and even if combined, 
the combination does not arrive at the claimed invention. Finally, the substantial evidence of 
nonobviousness already of record in the present case is sufficient to overcome any prima facie 
case that might be established. 

In view of the foregoing, Applicants request that the rejection be reconsidered and 
withdrawn. 



For the reasons set forth herein, Applicant respectfully submits that claims 16, 17, 32-34, 
36, 37, 42-45, and 47-51 are in condition for allowance. Applicants respectfully request that the 
Examiner reconsider and withdraw the grounds for rejection set forth in the Office Action. 

If the Examiner would like to discuss any of the issues raised in the Office Action, 
Applicant's representative can be reached at (619) 203-3186. 



CONCLUSION 



Respectfully submitted, 



/Michael A. Whittaker/ 



Date: December 2, 2010 



By: 
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San Diego, CA 92103 
Customer Number 35938 



Michael A. Whittaker 
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relaxed by attaching the reactive group to the ligand by 
a flexible "arm" that can come into contact: with a num- 
ber of groups on she protein that are within its radius. 
The price for this greater scope for reaction is that the 
effective concentrations of the protein and ligand 
groups are correspondingly lower, so that the reaction 
with the bound ligand is not so favored, 

Afunctional reagents have two reactive groups. 
One group can be used to react with the ligand, to 
generate the affinity label. This is then added to the 
protein, and the second group is encouraged to react 
with nearby portions of the protein. The reactivities of 
the two groups must be controlled so that each reacts 
only when required. Photoactivated groups are espe- 
cially useful for the second step because they are reac- 
tive only in the presence of light. Also, they are then 
highly reactive with a variety of groups, making it likely 
that reaction with the protein will occur. Most com- 
monly used are azide groups, which are totally inert 
until activated to the nitrene: 

aside nitrene (8.1) 

Nitrenes are reactive even toward methyl and methyl- 
ene ( — CHj — ) groups. 

Bifunctional reagents with the same reactive group 
at both ends can be used to cross-link the protein and the 
ligand, which is very useful when the ligand is large or is 
also a protein, as in complicated macromolecular struc- 
tures such as ribosomes, viruses, chromatin, and en- 
zyme complexes. Whether or not the components of a 
complex are in close proximity can often be inferred by 
whether or not bifunctional reagents will cross-link 
ihem. When the components are polypepJkle chains, 
those that haye been cross-linked can usually be deter- 
mined most readily by SDS electrophoresis {Sec. 1.5.3). 

The versatility of the cross-linking approach lies in 
the ability to vary the length of the cross-linking group 
to serve as a molecular "ruler" for measuring the dis- 
tances between two molecules in a complex. The nature 
of the bifunctional reagent can also be varied. For ex- 
ample, membrane proteins that are in proximity at the 
surface of the membrane can be cross-linked with a 
polar reagent that is confined to the aqueous solvent; in 
contrast, nonpolar reagents that permeate the mem- 
brane can cro i ;• link protein molecules that interact in 
the membrane. Cross-linking with bifunctional reagents 
has been most useful with very large complexes, com- 
posed of numerous molecules, too large or too nonsym- 
metric to be studied crystallographies!)}'. 
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8.1 A Genera! Properties of Ligand 
Binding Interactions 

In most cases, there is a single unique bisx , . 01 
particular ligand on each molecule of a polypeptide 
chain. If the polypeptide chain has internal symmetry, 
however, as when it has arisen by gene duplication (Sec, 
3.4), each of the structural units may have a binding site. 
For example, gene-duplicated ferredoxins contain two 
similar iron -sulfur complexes related by the twofold 
symmetry of the molecule (see Fsg. 6.36). 

One structural domain can bind more than one;;; 
ligand at separate binding sites, but it is unusual f)r 
there to be more than two or three such binding sites on| 
any one domain. A protein that binds a number of differ- 
ent ligands often binds them on separate domains. These 
domains are often designated by their binding proper| 
ties; an example is its Figure 8.3. 

There are a few spectacular exceptions to the gen- 
eralisation of one binding site for a particular ligand per 
protein structural unit: Cytochrome c s , a single poly- 
peptide chain of only 1 1 8 residues, binds four identical 
heme groups in different environments. Bacteriochior- 
ophyll protein from a green photosynthetic bacterium 
binds seven chlorophyll molecules, each in a different;; 
position within a "string bag" of a 1 5-stranded /?-sheet 
closed to form a flattened barrel. 

The earlier description of protein structures (Chap- : ; 
6) noted their tendency to be spherical. Binding sites for 
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FIGURE 8.3 

Schematic diagram of the domain structure of the dimeric 
enzyme glutathione reductase. The twofold axis relating the 
two polypeptide chains is indicated by the dot in the center. 
The two interface domains bind to each other and deter- 
mine the dimeric structure. In the NADP-binding domain, 
the adenine (Ad), ribose (circles), diphosphate (PP), asid nic- 
otinamide <N) moieties are indicated; only the nicotinamide 
portion is completely buried, Irs the FAD-binding domain, 
the coenzyme is indicated similarly, except that F is the fla- 
vin moiety; only the adenine group is exposed to the sol- 
vent. The substrate, oxidized glutathione {GSSG), binds be- 
tween the two subunits. {Adapted from G. E. Schulz et ah, 
Nature 273:120- 124, 1978.) 



ligands are often sizable depressions on the surface and 
represent the greatest exceptions <o this generality. It is 
probably more correct to state that the complex of a 
protein and its natural ligands tends to be spherical and 
that the interacting surface between them tends to be 
maximized. A very small ligand does not perturb the 
dimensions of a protein much and tends to be bound 
inside a relatively spherical protein molecule. Larger 
ligands tend to bind in depressions on the surface, where 
they can associate and dissociate. Those ligands that do 
not need to dissociate often or at all, such as hemes and 
some other prosthetic groups, tend to be bound deep in 
the protein interior and to be integral parts of the protein 
structure. Long, linear ligands such as polysaccharides 
tend to be bound in clefts on the surface. If the protein 
and its ligand are of similar size (e.g., two associating 
protein molecules), their interface tends to be flat and 
large. With very large ligands. such as nucleic acids, the 
protein tends to bind to depressions on the surface of the 
ligand. 

Interactions between proteins and ligands demon- 
strate both sferie and physical complementarity be- 
tween the two. These interactions follow structural 
rules similar io those in the proteins themselves: indeed, 
many interfaces between two interacting protein mole- 



cules are not basically different from the interior of ei- 
ther protein. The Interface between protein and ligand is 
usually as closely packed as is the protein interior. All 
polar groups in the interface are paired in hydrogen 
bonds, and t lei i o i itic charges are generally neutral- 
ized. Hydrogen bonds are especially prominent in pair- 
ing polar groups, and water molecules frequently act as 
intermediaries. Ionic interactions are generally not bur- 
ied in the interface unless it is necessary for charged 
groups on the ligand to be buried upon association; they 
then tend to be neutralized by groups of opposite 
charge. In other cases, however, there is no neutralizing 
charge, and the charge on the ligand appears to be ef- 
fectively "solvated" by multiple hydrogen bonds to 
other groups of the protein (Fig. 8,4). Such hydrogen- 
bonding groups of the proietn probably have fewer de- 
grees of freedom than water molecules do, and they may 
offer a more stable solvation shell for the charged 
groups. The hydrogen-bonding groups are usually part 
of hydrogen-bond arrays that lead to the solvent or to 
groups with the opposite charge; the latter are in some 




FIGURE 8.4 

Binding of the SO/~dianion to the sulfate-binding protein 
involved in bacterial active transport. The S0 4 3 " molecule 
(depicted with double-circle atoms) is inaccessible to sol- 
vent, and there are no positively charged groups nearby, 
The crystal structure is consistent with there being seven 
hydrogen bonds between the isgand and the protein; all hy- 
drogen bonds in the vicinity of the anion are indicated by 
dashed fines. (From F. A. Quiocho et at.. Nature 329:561 - 
564, 1987.) 
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Tabk 8 A Conformational Cfuwges Observed upon Ligand Binding to 

Some Nonallosieric Proteins 



Average Relative 
Movement (A) 



Protein 


Ugand 


All SEOlttS 


jVt.&iii choirs 


Trypsin 


Bovine pancreatic trypsin 
inhibitor (BPTT) 




0.26 a 


Tripsinogen 


BPTI 




0,28" 


Lysozyme 


Gd 5+ 


G.48 c 




Myoglobin 


o a 


0.92 


0.6 l d 


Coneanavalin A 


Ca*+ + Mn J+ 


1.1 


1.0* 


G!yeeraidehyde-3-phasphate 


NAD 


1.2 


3.2^ 


dehydrogenase 








Carboxypeptidase A 


Protein inhibitor 




0.42* 


Sireptomyces griseus protease A 


Ac-Pro-Aia-Pro-Phe-OH 


0,11 


0.10* 




Ac-Pro-Aia-Pro-Tyr-OH 


0.10 


0.09 




Ac-Pro- Aia-Pro-Phe-H 


0.14 


0.13 



" From W. Bode and P. Schwyger, /. Mot. Biol 98:693-717 (1975). 
*From W, Bode etal., /. Mol Biol. 518:99-112(1978). 
' From S. J, Perkins et a!„ Biockem. /. 173:607 -616 (1978). 
" From S. E. V. Phillips, /. Mol. Biol. 142:535-554 (1980). 

* From M. Shoham et al. ( /. Mol. Biol. 131:137-155 (1 979). 

' From M. R. N. Murthy et al., /. Mol Biol. 138:859-872 (1980), 

* From D. C. Rees and W. N. Lipscomb, Proc. Nail. Acad. Set. USA 78:5455-5459 (1981). 

* M. N. G. James et a!., /. Mol. Biol. 144:43-88, (1980), 



cases the ends of a-helices, which have partial charge as 
a result of the helix dtpoie (Sec. 5.3.1). The hydrogen- 
bond arrays seem to have the role of effectively dispers- 
ing the formal buried charge. 

The structure of a protein domain generally does 
not change substantially when it binds a ligand; excep- 
tions are usually of functional importance. Small move- 
ments of atoms of the protein do occur in every case 
(Table 8. 1 ), but they are often comparable to the experi- 
mental errors in crystailographic structure analysis. The 
most extreme changes in domains generally involve 
movements of flexible loops on the protein surface. On 
the other hand, some small adjustments are probably 
important in general to permit rapid rates of association 
and dissociation; totally rigid complex structures in 
which atoms interlock and interdigitate would be un- 
likely to be able to come together readily. 

The analogy is often made with a key fitting into a 
lock. Although the rigidity implied by this analogy is too 
extreme for proteins, it conveys the correct message 
that a defined protein structure is probably necessary for 



specificity in ligand binding (Fig. 8.5). A very malleable 
protein would adopt lis shape to match that of many 
ligands and would bind many of them with similar affin- 
ities. The difference in the affinities for two ligands is 
limited by the energy required to distort the notrai 
conformation that is complementary to the high-affsn.t? 
ligand to a conformation that is complementary to the 
low-affinity ligand. In the few known cases, binding of 
ligands with low affinity to a protein is not observed to 
produce large changes in conformation of the protein. 
The low affinities of such ligands primarily reflect their 
noncompiementarity to the preexisting binding site. The 
difference in binding energies for low- and high-affinity 
ligands is not sufficient to distort the protein binding site 
to make it complementary to the low-affinity ligand 
(Fig. 8.5). 

Substantial changes in protein structure upon lig- 
and binding are most frequently limited to motions oi 
rigid domains or subunits relative to each other, Umy 
ligands bind between domains that move together to 
enguii the ligand. This may help to maximize the inter- 
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FIGURE 8.5 

Estimation of protein flexibility by the conformational dis- 
tortions produced by binding a noncomplementsry ligand, 
The norma! conformation of a protein is imagined not to be 
complementary to a ligand (designated by the triangle) and 
consequentiy has poor affinity for that ligand. A variant 
conformation of the protein resulting from its flexibility 
might be complementary to the ligand and bind it tightly, so 
K% > K$, but this conformation would not normally be 
populated substantially (i.e., <*: J). When the iigand is 
bound, however, the variant conformation should be more 
stable by the ratio of the two binding affinities, so it might 
be populated in the Itganded state. For example, if K a „ *= 
10" 3 and the variant conformation binds the ligand 10* 
times more tightly than the normal conformation, &' bou „4 will 
be 10, so the variant conformation should be present in the 
complex 9 i % of the time. On the other hand, if no substan- 
tial changes in the protein are observed upon binding a 
poor ligand, the protein must be relatively inflexible, so 
is extremely small. 



actions between the protein and the ligand and to mini- 
mise interactions with other components of the solvent, 
while permitting the ligand to associate and to dissoci- 
ate. The other role of domain or subunit movements 
upon ligand binding is to produce functional alterations 
at other sites on the protein, as tit allosteric proteins 
(Sec. 8.4). Binding in this case is frequently regulated by 
changes elsewhere in the protein. Binding sites between 
domains or subimifs seem to be dynamic locations, 
probably owing to the much greater flexibility of the 
protein's quaternary structure than of its tertiary struc- 
ture. 

In a few cases, binding of a ligand does produce 
substantial changes in the structure of protein domains. 
An example as the effects of Ca 2+ -binding by regulatory 
proteins such as calmodulin (Sec. 8.3.4.a). 



From these general principles, it is often possible to 
guess correctly the structure of a protein -ligand com- 
plex if the structures of the two components are known. 
Nevertheless, do not underestimate the difficulty of fit- 
ting together two molecules of known structure to make 
the most stable complex. There are an enormous nam- 
ber of ways that two molecules can associate, especially 
if at least one is the size of a protein, and only one of the 
ways is likeiy to be the correct one. 
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A fundamental aspect of the interaction of a protein with 
ss ligand is the affinity of the two for each other, which is 
a measure of the overall free energy of the interaction. 
The magni tude of the affinity determines whether a par- 
ticular interaction is relevant under a given set of condi- 
tions. The observed affinities of proteins for Sigands vary 
enormously, ranging from very high valises, for which 
dissociation is immeasurably small, to very low values, 
for which the concert! rati on of free ligand required for a 
significant degree of binding is so great as to cast doubt 
on its relevance. Whether or not any particular affinity 
of a protein for a ligand is significant depends on the 
concentration of the ligand that the protein is likely to 
encounter: no other generalizations are possible. 

If the affinity is very high, the prolein is likely to he 
found and isolated as the complex; if such a ligand is 
relatively small, it is designated a prosthetic group. Ex- 
amples are the heme groups of the globins and ey- 
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tochromes, some coenzymes that bind tightly to en- 
zymes, and metal sons that are integral parts of the 
protein structure. With lower affinities, ligands that are 
originally hound to a protein are likely to be lost during 
purification, unless they are added to the protein solu- 
tion. 



8.2.1 Binding Affinities 

The affinity between a protein P and a ligand A is mea- 
sured by the association constant &'„ for the binding 
reaction at equilibrium: 



Specific binding by a protein of one ligand, and no? 
another, depends on their relative affinities, their con- 
centrations, and whether they hind hi the same site If 
two ligands are present at a concentration of 1 tr * ,\f 
but have different values of Kj— say, \Q~ $ M and 
3 0-6 M— only the ligand with she lowei Kj i bo i u ] 
significantly. If both are present at much hi , 
concentrations — sa> . i 0" 2 M ■■■■ both are bound to . 
protein to the maximum extent if they bind at separate 
sites. In this case, the higher affinity of one hg. • . 
almost immaterial, if the two ligands compete for the 
same site, however, 



-P • A 
[P ■ Al 



(8,2) 



All species are presumed to be present at sufficiently 
low concentrations for thermodynamic ideality to 
apply; if not, activities rather than concentrations must 
be measured. K A is a constant under a given set of condi- 
tions and is measured experimentally by the depen- 
dence of binding on the free ligand concentration. Sev- 
eral commonly used graphic methods of analyzing 
binding da« a i t Figure 8.6. 

The ratio of bound to free protein should be, ac- 
cording to Equation (8.3). directly proportional to the 
free-ligand concentration: 



(8.4) 



An experimentally more useful measure of binding is 
the fraction y of protein molecules with bound ligand: 



[P ; A] 



KIM 



(8.5) 

IP) + [P • A] 1+AJA] 
The greater the value of K., the greater the affinity. 
The value of has units of (concentration)- 1 , however, 
and it is often intuitively easier to consider the dissocia- 
tion constant JQ, which is simply the reciprocal of 
and has units of concentration. With concentrations of 
free ligand below X d , little binding to the protein occurs. 
With a concentration equal to IQ, half the protein mole- 
cules have bound ligand. An occupancy of 90% requires 
a nine times greater concentration of free ligand, 
whereas 99% occupancy requires that the concentra- 
tion be 99 times fQ. Binding equilibria are simplest 
when the ligand is present at a concentration much 
greater than that of the protein binding sites. Uptake of 
the ligand by the protein does not then significantly alter 
the concentration of free ligand. 



[P-A]*3_[P-B]A| 
[1] [A] [B] 

[P-Aj_jq[A] 

[P-B] JQEB] 



(8.6) 



(8 ? ; 



{8.8* 



the ligand with the higher affinity is bound to a corre- 
spondingly greater extent when the ligands are pre ;e r. t 
at the same concentration. Weaker affinity can al s s 
be overcome by a higher concentration of that ligand, 
however, so binding affinities should always be consid- 
ered relative to the concentration of the ligand. 

The energetics of binding are often express* i I 
the Gibbs free energy of bindin g, AG bind : 

AGt**! -■ —RTln K t "RTln K A (8 ? 
It must be kept in mind, however, that and Kj hav e 
units of concentration and thai the value of AG^de 
pends on which units are used (i.e., the standard state). If 
the units are moles per liter, the standard state is 1 M, 
and the calculated value of &G hiai applies only und 
rather arbitrary situation when the concentration of free 
ligand is i M. in many instances a "unitary" free energy 
of binding is used as a measure of the mi- tmi affinity, 
this is the free energy of binding that would oi-cu: "tn 
ligand at a hypothetical concentration of 55 M, the nor- 
mal concentration of water. This parameter is not o! i 
special significance, however, except when the -tgandis 
water, and it does not represent the free energy of inter- 
action that would occur in a unimoiecui ■-. Interaction 
(see Sec. 8,2.2). 

The energetics of binding are defined mote t ? 
itly as the diilerence in free energies of the irce anc 
Hganded protein, AG b : 



(W) (8 ,o, 



AG b =-i?7Tn (AJA]) - ~RTln 



In this case, the concentration of free ligand mu ' ^ 
specified. In a similar way, the enthalpy and entropy oi 
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jP ■ A: 



So? [A] 



FIGURE 8.6 

Some common methods of plotting binding data, using theoretical curves for the simple 
binding reaction P + A ^ P • A. The concentration of free ligand is expressed relative to its 
dissociation constant, which is that concentration of free iigartd that gives half-maximal 
binding. The concentrations of free and hganded forms of the proteins are given relative to 
\hi concentration of total protein. A- The normal hyperbolic relationship between binding 
3nd free-lig.'ind concentration, demonstrating that a free-ligspd concentration 9-fold greater 
th3r> its dissociation constant produces only 90% of maximal binding (indicated by the 
dashed line); a 99-fold greater concentration is required for 99% saturation. B: A logarith- 
mic scale emphasizes the wide range of free-ligand concentrations required for a complete 
binding curve. C: Scaichard plot The negative slope gives the value of the association con- 
stant (the reciprocal of the dissociation constant)- The horizontal intercept gives the extrapo- 
lated extent of the maximal binding, D; Hill plot. An accurate value for the maximum bind- 
ing is required for this plot because both the liganded and the free protein concentrations 
are required. The value of the dissociation constant is given by the value of the free-ligand 
concentration where the vertical axis is zero (i.e., at half-maximal binding). This plot is used 
primarily for analysing cooperative binding (see Fig. 8.24C). 



binding are defined by the temperature dependence of 
the binding affinity. 

A general consequence of ligand binding is; that the 
protein is stabilised against unfolding and is less flexi- 
ble. Neither of these observations need imply that the 
ligand has altered the structure of the protein. Instead, 
they are simply a consequence of the iigand binding 
■ 'ht!y to the fully folded conformation (N) than to 
the fully unfolded state (U) and any distorted or partially 
unfolded forms that result from flexibility of the struc- 
ture. This cars be iilustrated very simply for the ease of 



unfolding of the protein when the ligand L binds solely 
to the folded state N; 



JN • Lj + [Nj 
[U] 



(8.11) 



IB] 



(8J2) 



The protein is stabilized again:;! unfolding by the pres- 
ence of the ligand. Even at very high ligand eoncentra- 



340 



Interactions with Other Molecules 



tions, above those a! which the folded protein is fully 
saturated, the apparent stability of the protein is in- 
creased in proportion io the concentration of free 
ligand. 

I.igarid binding is simple in dilute solutions, but 
proteins often function in extremely concentrated 
aqueous solutions, as in the cytosoh For example, the 
»r of the red blood ceii is about 35% hemoglobin 
by weight. Such solutions are very nonideal. The perti- 
nent equilibria must be expressed in terms of the ther- 
modynamic activities of the protein and of the ligand, 
which can be very different from their concentrations. 
Even though a particular protein might not be present in 
high concentration, the presence of molecules other 
than water in the environment can lead to substantia! 
excluded volume effects (see Fig. 7.2). Added molecules 
favor any conformational or binding reaction that leads 
to a more spherical shape of a protein molecule, with 
less surface area exposed to solvent {Sec. 7.1.1). Conse- 
quently, binding of a ligand to a protein is often consid- 
erably greater in a concentrated solution than might be 
expected. It is possible that most proteins in the cytosol 
usually exist bound to each other, to membranes, to 
cytoskeleton, or to some other organized structure. 
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8.22 Accounting for 
Relative Affinities 

Can we account for the particular affinity of a protein for 
a given ligand? Do the structures of the two give arty 



insight into why the affinity is high or Sow? A qualified 
yes is permissible in answer to these, questions in certain 

i liowevej onl> qualitative c n i 

are feasible. Yet it should be possible eventually to ac- 
count for, or even to predict, binding affinities f< 
ands and to design Hgands or proteins with useful bind- 
ing properties. The implication;; are immense f 0r 
chemotherapy and for drug design. 

it is currently impossible to rationalize the values 
of Kg or K d of any protein for any ligand, even when she 
structures of the complex and of the free componersi:r 
are known. The practical difficulties in rationalising lig. 
and affinities arise from our poor understanding of the 
energetics of protein structure (Chap. 7) and of the 
strengths of the basic interactions in aqueous solvent* 
{Chap. 4). The observed affinity depends on the relative 
free energies of the complex and of the components. 
This includes not only ihe interactions between the- o 
in the complex but also any changes in their average 
conformations and their flexibilities produced by com- 
plex formation, any differences in their various inter- 
actions with solvent, the loss of transiational and 
rotational freedom of each component, plus i h<.= <l:s- 
piacement of solvent and any other Hgands pre cm n 
the binding sites before formation of the complex, Mary 
of these factors compensate each other, and the net 
observed effect is a small difference between several 
terms of large and uncertain magnitude. It is not yet 
possible to calculate these quantities accurately enough 
to predict the values of and 

The relative affinities of two related ligands for the 
same protein (e.g., A and B), or of two closely related 
proteins for the same ligand, are more easily analyzed 
because many of the factors are the same in the two 
cases; differences in affinities can often be related K> just 
one or two factors. Also, the ratio of their affinities is 
dimensioniess: 

A(AG°) A ~ B - -XTln § - +RTln || (8.13) 

There is then no complication in defining standard 
states. The most successful method for analysing differ- 
ences in binding interactions between closely related 
Hgands or proteins is the free-energy perturbation 
method (Sec. 7.4.4.b) for simulating the effects of differ- 
ences in chemical structure of the iigaod or the protein, 
where the free energy is calculated in both the complex 
and the free molecule as the group that differs is gradu- 
ally "mutated" during the calculation. 

Interactions between a protein and a ligand always : 
involve a substantia! number of groups. The general 
approach to understanding the observed affinity has 
been to dissect it into the contributions of each group »Y 
measuring the effect on the affinity of removing them 
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individually. Varying she ligand has traditionally been 
easiest, but even closely related ligands are occasionally 
observed to bind to the same protein in very different 
ways; in this case, a comparison of their measured bind- 
ing affinities is largely meaningless. It is now more ac- 
ceptable to use the same ligand but to vary the protein, 
using site-directed mutagenesis {Sec, 2.2), because the 
structures of the variant proteins tend to remain more 
constant. It is still advisable, however, to determine that 
the ligand binds its the same way to the variant proteins. 

Given a series of binding affinities of related ligands 
for the same protein or of variant proteins for the same 
ligand, how is the binding energy dissected? it might be 
thought that the total binding energy (Eq. 8.9) is simply 
she sum of the contributions of each group, but it is not 
that straightforward. This can be illustrated in a manner 
first presented by fencks. 

Consider a ligand composed of two parts A and B; 
A might be capable of hydrogen bonding, and B might 
be hydrophobic. The affinity of ligand AB is compared 
with the affinities of A and 8 separately: 



AB 



Table 8.2 Binding of Biotin Derivatives to Avidin 

Free-energy 
] \ i riatson contribution 
constant to binding 
Derivative (M) (kcai/mol) 

O 
II 

HN NH i.3 x ior» 



43~ {C h 2 ) 4 ~-CO,- 



HN' S NH 5X 1(T» 

HjC (CH 2 )j— C0 2 " 
De&thsofeiotin 



HN "NH 
H,C' 

CH,—(CH 2 } 4 — CO : ," 3XI0- 3 -10,7 



Data from N. M. Green, Adv. Protein Chem. 29:85-133 
(1975). 



(8.15) 



(8.16) 



where the equilibrium constants K M , K A , and K* are for 
either association or dissociation. In general, there is no 
relationship among these constants, and the 
classical binding energies calculated from them using 
Equation (8.9) are generally not additive: 

- RT In K** # -RT In K*~RT In ^ a B (8 .1 7) 

even if the standard state is taken as 55 M so that unitary 
bir.di ig energies are calculated (Sec, 8.2.1). This non- 
ty is illustrated by the binding of biotin and some 
derivatives to the protein avidin (Table 8,2). 



The reason for the nonadditive nature of specific 
binding affinities becomes clear if the binding of AB is 
dissected into steps: 



The first step in the binding of the entire ligand should be 
analogous to the binding of each part when present 
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alone (Eqs. 8,15 and 8,3 6), so the first two steps are 
assigned the birnolecular binding constants of each part. 

The second step, binding of the second part of the 
ligand, however, is now a unimolecuiar step, rather 
than bimolecular. Consequently, the bimolecular bind- 
ing constants K A and &" s do not apply to the second step; 
instead, these second steps are assigned the unimolecu- 
iar equilibrium constants K£ and K%. The values of these 
two constants are not independent because they are 
linked functions: 

KZ*-K*K* = K*Ki (8.19) 

From Equation (8.19), it is apparent that the constants 
j£ and Kg are the ratios of the binding constants of 
ligands with and without each of the respective moie- 
ties: 

_ Kj B ^ A* 



(8.20) 



The contribution to the free energy of binding of each 
moiety can then be calculated: 

AAGf - ~RT\n = -RTlv (8.21) 

AAGf - - RT In - -RT In {8.22} 

For example, the free-energy contribution to binding of 
the sulfur atom of biotiti can be estimated from the rela- 
tive affinities of the first two compounds of Table 8.2 to 
be -3.5 kcal/mol: 

-- 3.5 kcal/mol (8.23) 

Similarly, the contributions of the remaining five- 
membered ring and of the acidic hydrocarbon group can 
be estimated to be - 13-3 and - 10.7 kcal/mol, respec- 
tively (Table 8.2). 

The incremental binding energy contributions cal- 
culated in this way give a measure of the increased 
affinity caused by the presence of each group of the 
ligand. Their values depend critically on the refation- 
shipbesween the two parts of the Hgand during binding, 
thai is, on the effective concentration of the second part 
of the hgand when the first is bound, which can be 
designated as [A/B]. 

A.2 



The effective concentration of either part in an ! a . 
termedid'e eomple> t 

kept away from the binding site and so provides ft0 
contribution to binding ( i si rnw ! i J« a va i o ■ j 
to SO' 0 M (see Table 4.1 1), when parts A and B . 
Hgand are always in optimal orientation for < 
neous binding to a perfectly complementary bind !t; j 
site. The large values of effective concentrations hi 
tramoiecular reactions result from the entrop c ell 
the covalent linkage of the two parts. A ligand nw 
a substantial amount of translations! and rotation- ■ : 
tropy upon binding; this is one of the factors detej ! , 
the values of both K A and K s . In the case of ligand AB, 
however, at least some of this entropy is lost when the 
first part is bound: the second part of the ligand is then 
fixed to some extent and need not lose as much entropy 
upon completion of the binding as if that par? >e 
bmding by itself. Consequently: the greater the rigidity 
between the two parts of a ligand, the greater the entro- 
pic contribution to the effective concentration is likaly 
to be. Ibis entropic contribution is the primarj iea<on 
that the binding contributions of individual pans of a 
ligand do not add to give the observed affinity i o: ex- 
ample, the contributions to the binding of biotin by the 
sulfur atom, the five-membered ring, and the acidic by- 
drocarbon (Table 8.2) total -27.5 kcal/mol. In contrast, 
the free energy of binding that would be calculated tt an 
Equation (8,9) is only -20.2 kcal/mol, The d flerence 
between these values reflects primarily the greater en- 
tropy that must be lost when parts of a ligand b • s 
separate molecules relative to the entropy that must be 
lost when they bind as parts of the same molecule. 

If neither the ligand nor the protein is strained by 
binding, very high effective, concentrations and free- 
energy contributions to binding may be observed. For 
example, the data of Table 8.2 for the two h 
desthiobiotin imply that their effective concerns- ■■ ■ 
in the hypothetical intermediate complex arc 2 X 10 s V? 
because 



K% — K% {A/B] 



(8.25) 



[A/B] 



(8,26) 



The same effective concentration applies to both parts 
because these are i n! e I functions {see Eq. 8.19). 



Wish such high effective concentrations, soau an 1 
hydrogen-bond interactions between ligand and p<->'" ■ 
may contribute substantially to binding, even sit 
aqueous solution, where they must compete with aster- 
molecular interactions between the solvent and the free 
protein and free Sigand, 

Because effective concentrations of the i-.-'-r ■'■ 
parts of ligands are likely to vary substantially n 
ent ligands and different binding .situations, it is unreal- 
istic to expect a constant contribution to blading S u 
hydrogen bond, a van der Waals interaction, and so 
in all llgand-binding interactions. 
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Tsbte 8.3 Large Contributions to Ligand Affinities for Proteins 





Free-energy 


Free energy of 




contribution to 


transfer from water 




binding to protein" 


to nonpolar liquid* 


Group of ligand 


(kcat/mol) 


(kcal/mol) 




"""""" """"" 

2.0 to 3.9 


■■ 






in 


-CH — iCH 5 ) 2 


9 6 


15 


-CH,— CH 2 — CH 2 — CH, 


-7 to -8 


-2.6 


•SCH S 


~4.9 




-CH 2 — CH 2 — S— CH, 


-10 to -11 


-1.3 


-SH 


-5.4 to -9.1 




-OH 


-8 




-NH 2 


-4.5 




-NHj+ 


-6.7 




-co s - 


-4.3 





a Contributions to binding were measured by the difference in affinities of ligands that 
differ only in the presmee or absence of the indicated group; the free-energy contribu- 
tion was calculated using Equation {8.21). Data from W. P. Jeneks, Proc. Nail. Acad. Set. 
USA 78:4046-4050 (1981); A. R. Fersht, Proc. Roy. Sec. Lond, (Biol.} 212:351 -379 
(1981). 

4 Data from Y. Nozaki and C. Tanford, /. Bio!. Chem. 246:221 1 -221 7 (197 !)• 



Some examples of large incremental contributions 
to binding by various groups, measured by the relative 
affinities of ligands that differ only in that group, are 
tabulated in Table 8,3, The values for the nonpolar 
groups are considerably greater than their free energies 
of transfer from water to nonpolar liquids, which often is 
considered an analogous process. This discrepancy is 
further evidence that a protein — at least, its binding 
site — is not equivalent to an organic liquid. Instead, the 
folded protein has a higher concentration of atoms, and 
a binding she for nonpolar groups probably presents a 
more rigidly defined cavity with greater van der Waals 
interactions than is possible for a liquid, if part of the 
ligand or the protein normally involved in binding is 
missing, there might be a void at the interface between 
protein and ligand. Such a void could be filled by an 
isolated solvent molecule, or the protein and ligand 
could adapt to attain complementarity; but both are en- 
ergetically costly. Sf a polar group normally involved in 
hydrogen bonding is deleted, its partner can be left in an 
n . fiscally unfavorable situation without an alterna- 
tive group to hydrogen-bond to. Consequently, inter- 
.' • ig such binding data in terms of individual interac- 
tions is not straightforward. 

The data of Table 8.3 demonstrate that a protein 
can discriminate very effectively between its proper lig- 
and and a ligand that lacks just one small part. Discrimi- 



nation of ligands containing extra groups can be even 
more powerful because additional groups can interfere 
sterieally with the complementarity between ligand and 
binding site, 

Nevertheless, there are limits to the specificity of 
binding that is possible, set by the energetics of the 
interactions between groups. These limits are exceeded 
in some instances for which extreme specificity is nec- 
essary: for example, in the replication, transcription, 
and translation of genetic information, DNA replication 
occurs with an error frequency of only 1G~ 5 ® even 
though the tautomerization of the nucleic acid bases, 
which will cause incorrect base-pairing, occurs with a 
frequency of 10~ 5 . Amino acids are also incorporated 
into proteins with considerably greater fidelity than ex- 
pected, even from the data of Table 8.3. Much of that 
data comes from binding of amino acids to tRNA syn- 
thetases, which cany out the most crucial step of at- 
taching the correct amino acid to the correct tRNA 
molecule. For example, how does a tRNA synthetase 

iminate effectively against Gly when adding Ala to 
its tRNA, Val in the case of lie. and Ser in the case of 
Thr? These pah i only by one — CH 2 — group and 
mig bee cied ibk )to =i t'f er sn affinity by only 
a factor of 1 0 2 , The answer in this case is that the enzyme 
seems to check the amino acid twice, discriminating at 
the first binding step and then subjecting the selected 
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amino add to a second check designed to detect the 
most likely fraudulent ammo acid. Any caught by the 
second step are hydrolyzed from the tRNA and expelled 
(see Sec, 9.3. 1 .b). In such a double-sieve editing mecha- 
nism, the probability that an incorrect amino acid will 
be missed by both steps is the product of the two sepa- 
rate probabilities (e.g., ir s X 10" s - KT' 0 ). In this 
way. biological specificities can be greatly enhanced 
over those possible with simple physical principles. 
Comparable multiple checks on specificity appear to be 
used in DNA replication. Such methods are used only 
when absolutely necessary, however, because there is a 
cost involved, in that a certain fraction of correct mole- 
cules are also removed at the subsequent recognition 
steps due to the intrinsic limitations on binding spec- 
ificity. 
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8.2.5 Rates of Binding 
and Dissociation 

The rates of binding and of dissociation of a ligand from 
a protein are determined by the respective rate con- 
stants k a and k d : 

P + A^P-A (8.27) 
Their ratio gives the association constant: 

(8-28) 



The rate constants for binding ligands to proiej ., 
vary considerably, depending on the sizes of both and c 
any conformational changes that must take pL 
each upon binding. Many small ligands are found u, hnd 
very rapidly, at rates approaching those expect. ■ ■ 
diffusion control, fc D . This expected rate can be 
mated from the diffusion coefficients of the protein and 
Hgand, D y and D A , respectively, treating ihem - - 
spherical molecules that must approach within a dis- 
tance r PA for binding to occur: 

*b = 4jrJV A (£>p + Z) A )rp A 

where N A is Avogadro's number. For molecules whh 
typical diffusion coefficients under norma! c'.tcum 
stances (see Table 7.2), values of fc D m She n-gion of 
10* M~ l s" 1 are expected. Larger molecules have 
smaller diffusion coefficients, but the value of K,, J ^, 
not decrease accordingly because the value oi .< ?i ;s 
correspondingly larger if the two molecules attract or 
repel each other at a distance, the term r PA in Equation 
(8.29) should be replaced by a term containing the en- 
ergy of interaction as a function of distance. For exam 
pie, electrostatic interactions are significant over sub- 
stantial distances and, when favorable, can increase rate 
constants for association to 1 0 11 M~* s~ l . 

Rates of binding that are observed to be lower than 
k D imply either that the two molecules must be if. de- 
fined orientations for productive binding to occur or 
that changes occur during binding to produce a multi- 
step association reaction. Both phenomena are un- 
doubtedly important with proteins. The binding sites ots 
proteins usually bind ligands only in defined oi ! »- 
ttons, and they generally comprise only ,n.:'I fractii ns 
of the protein surface. Consequently, most encounters 
between ligand and protein would be expected so be 
unproductive, and association to be relatively slow, but 
there are exceptions. For example, cytochromes c are 
thought to transfer electrons to and from othei ptoteins 
through only 0.6% of their surfaces, where ihe heme 
group is accessible (see Fig. 6,31), »r„ 
two proteins interact in very specific orientations. On 
this basis, the rate of their interaction would be ex- 
pected to be lower than that for diffusion-cont le 
encounters by a factor of at least ! 000, but it is not. The 
reason is thought to be that asymmetric distributions of 
charges on the proteins orient them so that they tend to 
approach each other rapid!} i 3 prodi ctive t 
The charge distribution of horse cytochrome c indicates, 
a large dipole momen' o ustove SGODebyeun a 
the dipole axis passes through ihe presumed b ndiftg 
site. Electrostatic interactions have also been shown lo 
guide charged ligands to then binding sites on other 
proteins. 
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Tsbfe 8,4 Raie Constants for Formation of Complexes of tRNA Synthetase (?) 
and tRNA* 



P + tRNA *=±* P • tRNA ^ P * tRNA 



tRNA synthetase 



Yeast Ser* 
Yeast Phe* 
Yeast Phe ff 



Initial Banding and 
Dissociation 



Yeast Ser 
Yeast Phe 
£, coii Tyr 



2,7 X iO 8 
2X i0» 
8X 10 s 



220 
250 
3600 



Isorcierization of 
Complex 



* Data from D, Riesner es al.« £wr. /, Biockem. 68;? ! -80 (1976). 

* Data from G. Krauss e£ at., Eur. j. Biochem. 68:8 J -93 0976). 



760 
420 



330 
750 



0 The source and amino acid specificity of each tRNA synthetase and tRNA are indicated. 
The difference between the two complexes P • tRNA and P * tRNA is not known. 



Binding of a ligand to a protein probably occurs 
generally via diffusion-controlled formation of an un- 
stable encounter complex, followed by its rearrange- 
ment to the final complex: 



P -f A "■} 



~ {P • ' « A} 



P • A (8.30) 



Such encounter complexes are usually not observed, 
and their structures are not known. The observed rate of 
binding is still proportional to the free-!igand concen- 
tration but is slower than diffusion-controlled &, be- 
cause the encounter complex is unstable (i.e., > k x 
[A]), and it dissociates more rapidly than it completes 
binding (i.e., > k 2 ). Such encounter complexes can 
be observed only if high ligand concentrations are used 
so that k 2 becomes rate-limiting. Their occurrence may 
be important for permitting the two reactants to find 
their appropriate orientations for tight binding, rather 
than relying on the two molecules being in exactly the 
correct orientation in the initial encounter. 

Even if the observed rate of association is appar- 
ently diffusion-controlled, additional steps may follow 
the initial association. For example, the initial interac- 
tion between a tRNA molecule and a tRNA synthetase 
enzyme occurs at nearly the diffusion-controlled rate, 
about 10*/(M • s), but rearrangements occur subse- 
quently on the millisecond time scale (Table 8.4). Very 
'■Me b known about what occurs structurally during the 
course of binding of ligands to proteins. There is consid- 
erable scope for conformational changes in both protein 
and ligand in most cases, but techniques for following 
them have yet to be devised. 



Diffusion-limited encounters occur between ail 
molecules in a solution; therefore, stable and specific 
binding must be reflected primarily in slow rates of 
dissociation, fe d (Eq. 8.28). Energetically favorable 
rearrangements of the complex after initial association 
have the effect of decreasing the apparent rate of disso- 
ciation. For example, binding of a yeast tRNA synthe- 
tase to a bacterial tRNA is not productive and is weaker 
than with the homologous pairs, but the initial associa- 
tion is somewhat faster. The weaker binding results 
from a greater rate of dissociation of the initial complex 
and from the apparent absence of a second jsomeriza- 
tion step (Table 8.4). 

The analysis just presented has been addressed to 
solutions in which the molecules are free to diffuse in 
three dimensions. In this case, the rate of diffusion- 
limited association depends on the size of the target, but 
this is no longer true when diffusion is confined to a 
space of lower dimensions, such as the two-dimensional 
plane of a membrane. For example, the mean diffusion 
times r to reach a small target of radius a in the middle of 
a space of radius R (R » a) are given by 



in three dimensions (8.3 i) 



.-(|)(§) 

:,-(^)lnf 



in one dimension (8.33) 



where D L (i = 1, 2, 3) are the diffusion coefficients for 
the indicated dimensions. These times can be substan- 
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tially shorter in one and two dimensions than in three. 
\ or* sample, a Ugand could be imagined to bind rapidly 
to a protein in a membrane by first binding rapidly and 

jccificaiiytothe membrane, then diffusing through 
the plane of the membrane to the protein. Although this 
is an attractive and popular idea, there are no well- 
characterized examples of this phenomenon. 

One-dimensional systems might not be expected in 
biological systems, but they are probably approximated 
by long, linear macro molecules. For example, DNA is a 
long, extended double-helical structure with a high 
density of ionized phosphate groups. Specific DNA- 
binding proteins find short, specific nucleotide se- 
quences in such molecules much more rapidly than 
would be expected for normal diffusion through solu- 
tion in three dimensions. Also, the rate of finding spe- 
cific sequences is observed to be increased by extending 
the length of the molecule with nonspecific sequences, 
whereas the opposite might be expected. The pro- 
teins appear initially to bind nonspeeifseaHy anywhere 
along the DNA molecule and then to diffuse one- 
dimensionally along the linear molecule until the 
correct sequen ee i s found. There may also be ' '] umping' ' 
by the protein molecules bet ween segments of the same 
DNA molecule thai happen to come into proximity in 
solution. The initial, nonspecific binding of such a pro- 
tein to DNA is caused by electrostatic interactions be- 
tween the two and by the release of loosely bound 
counterions (Sec. 8.3.2). Upon reaching the correct se- 
quence, the binding interactions are much more specific 
and tighter. Similar considerations may apply to the 
binding of proteins to long protein aggregates, such as 
the muscle protein actsn. 
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8.2.4 Affinity Chromatography 

The interact.of s o v protein.: v- ith specific h f a id makes 
possible one of the most powerful methods of protein 
purification, affinity chromatography. The Ugand is 
chemically attached to an insoluble and porcn. v>|. : 
support that is suitable for chromatography, in s <. a 
way thai the ligand is still available for the ptv" s > - 0 
bind to it. To ensure that the Ugand is - i r d > r * 
from the support that binding of the pro 
cally obstructed, a spacer group is usually inserted be- 
tween the ligand and the chromatographic support. Ob- 
viously, the site on the ligand that is appropriate lor 
attachment to the solid support is one that is noi in- 
volved in binding so the protein, but such details of the 
binding interaction are frequently not known. If the 
parts of the ligand required for binding to the pro'cr. iv- 
not known, various linkages between ligand and sup- 
port must be fried until one is found to work. 

In the ideal case, only the desired protein binds lo 
the ligand resin, and all other prote i s l straight 
through the column. After the column is was-is-,-1 
remove all other proteins, those molecules that i e 
bound tightly to the affinity resit) can be eluted by add 
ing soluble ligand to compete with the support or by 
i hanging the conditions to decrease die affinity of pro- 
tein for the bound Ugand; in extreme cases, the protein 
may have to be unfolded before it can be eluted. Tfe use 
of different concentrations of soluble ligand permits 
quantitative measurements of the protein's affinities for 
both the free and the support-bound ligand, which are 
not necessarily the same. When multiple prote us bint 
to the same ligand, they can often be eluted sepa^tch 
by different Hgand$ (Fig. 8.7) or by different concentre, 
dons of the same ligand (Fig. 8.S). 

The principles of affinity chromatography are simi- 
lar to those of the other types of column ebrorwlGgra 
nhy used with proteins, such as ion-exchange hydat- 
phobic, or reverse-phase chromatography; it differs 
only in the specificity of the interactions between the 
protein and the column resin. 
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FIGURE 8.7 

Separation of three proteins by affinity chromatography. The column matrix was Sepharose 
with the cofactor NAD linked covalently to it by a diaminohexane spacer, A mixture of bo- 
vine serum albumin, glyceraldehyde 3-phosphate dehydrogenase, and lactate dehydrogenase 
was applied to the column. The two dehydrogenases bind NAD and were bound by the col- 
umn, whereas serum albumin (A) does not bind NAD and was not retarded. Lactase dehy- 
drogenase (£} binds NADH more tightly than NAD and was eluted by low concentrations 
ofNADH. in contrast, glyceraldehyde-P dehydrogenase (O) binds NAD move tightly than 
NADH and was eluted from the column by low concentrations of free NAD. (Adapted from 
K. Mosbach et al„ Biochem, /, 127:625-631. 1972.) 



FIGURE S.a 

tes of lactate dehydrogenase by affinity chromatography. This 
iazy me is a tetramer that can be formed front two different but related polypeptide chains. 
asuaSSy designated B and M. The two chains can associate nearly randomly, so five tetra- 
mers are possible; the R, . H,M, H-M,. HM ; . sod M« isozymes. The individual subunsts of 
the tetramer bind NADH independently, with H c i\ fold greater alFmity 

than M chains. Consequently, H„ is eluted from an affinity column with lower concentra- 
tions of free NADH in the buffer and the others in order of their average affinities. The af- 
finity column ligand was AMP. which corresponds to half an NADH molecule, bound to 
Sepharose. (Adapted from P. Brodeiius and K. Mosbach, FEES Letters 35:225, 1973.) 
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83 Relationship between 

Protein Conformation 

and Binding 

Binding sites comprise, relatively little of the structure of 
most proteins and often are just a small patch on the 
protein surface; small localized alterations of ihe pro- 
tein, therefore, can produce large changes in its affini- 
ties for ligands, without changes in the overall protein 
conformation. Consequently, homologous proteins can 
bind very different ligands. Examples are the bacterial 
binding proteins present in the periplasm and involved 
in uptake of nutrients from the medium. All of these 
proteins that have been studied have very similar three- 
dimensional structures, consisting of two domains with 
a single binding site between them. Yet the various 
proteins bind a variety of small molecules, often with 
extreme specificity, including monosaccharides, oligo- 
saccharides, amino acids, oligopeptides, sulfate (Fig. 
8.4), and phosphate. Other examples are the immuno- 
globulins (Sec. S.3.1), in which the same structural 
framework is used to bind an immense variety of anti- 
gens. 

Conversely, the same ligand can be bound by unre- 
lated proteins with different three-dimensional struc- 
tures. This is illustrated most spectacularly by the bind- 
ing of the heme group (iron-profcoporphyrin IX) by a 
variety of proteins, especially the giobins and various 
cytochromes. The giobins (e.g., hemoglobins, myoglo- 
bin, erythroeruorin, and leghemoglobin) are all homol- 
ogous and bind the heme group similarly (see Fig. 6.30). 
Very different are the structures of a large number of 
cytochrome c-like proteins {see Fig. 6.31) and of the 
unrelated cytochrome f> 5 , cytochrome b si2 , and cy- 
tochrome c 3 . This last binds four heme groups simulta- 
neously in different ways at four different sites. Thus, a 
number of proteins appear to have acquired indepen- 
dently the ability io bind heme groups. The ability to 
bind the same ligand, therefore, cannot be used to imply 
that two proteins are related. 



Nevertheless, the members of a number of diltrtrr 
protein fam.he-i do end to bind sirs ga Exam- 
pies are the giobins (Sec, 8.4.3) and the various protein 
families that bind DNA (Sec. 8.3.2) and Ca 2+ ions (Sec. 
8.3.4.a). The proteins in each of ihese example . 
known to be evolutionarily related, and they ob*.nv< 
have retained their ligand-bmding functions. \n 
cases, an evolutionary relationship is not obvion< „ .. 
there is the possibility that similar ibvee-dime-v . 
structures have evolved to bind similar hgand* in & sro U 
lar ways, perhaps for physical reasons. Fi < mpi 

r U i!fT>^ S-iolC Li/ -<3!Tfcl pf - ! i. 1 

most likely candidates for examples of eonvergepce tt> 
the same three-dimensional structure, yelthrt i 

obindnega'ivt,Wch.:r gan n vn \ 
the same end of the barrel structure. Similarly, nucleo- 
tides are bound in different proteins to similar sup EJ . 

econdary structures, known collectively a she 
nucleotide-binding fold or ihe Rossmann Mr, {Set 
8.3.3), that have no detectable amino acid sequence 
similarities. Do these similar structures and intej actions 
with ligands reflect common ancestry? Or do they re- 
flect similar physical principles of structure ar.d bind- 
ing? The verdict is not yet in, 

The question of the relationship between p ot;-n 
structure and ligand binding is important because the 
biological functions of newly discovered proteins are 
often inferred from their homology to proteins of known 
structure and function. Rather than just give rules, some 
of the most informative examples are described. 
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S.J J Immunoglobulins 

Antibody molecules are capable of prodigious diversity; 
individually they bind a few antigens very specifically. 
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FIGURE 8.9 



^ Schematic representation of a typical immunoglobulin structure (A) smd a space-filling 

model determined cry • S A shows the L and H polypeptide chains as solid 

lines, with the intramolecular disulfides Sinking Cys residues, about 60 residues apart in the 
^ primary structure, that are characteristic of each ifttnHinogiobulm domain. The site of cieav- 
I age by papain is shown by - i - thi cleavage yields two fragments and one 
^ - r c- li" cleavage occurs on she carboxyi side of the disulfide linking the K chains, as occurs 
ijv with pepsin, the two F^-like fragments are linked by the disulfide and are usually designated 

as F sh . In B, each sphi - esidue One complete heavy chain is 

|;: white, the other heavily shaded; both Sight chains are white. The carbohydrate attached to 
the C H j domain of e3ch heavy chain is black. The antigen -binding sites are at the tips of the 
§| F sb arms, at the far left and far right, where the V H and V L domains meet, (from E. W. Sil- 
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while collectively they are able to recognize virtually 
any molecule. Despite this binding diversity, antibody 
molecules have common structural and functional fea- 
tures. The consequences ofiigand binding include elim- 
ination of the antigen -antibody complex from the 
bloodstream, complement-induced lysis of cells, hista- 
mine release, and stimulation of secretion of antibodies 
by lymphocytes, depending on the class of antibody. All 
immunoglobulin molecules of a given class must have 
these common functions, which are then combined with 
different specificities for various antigens. How these 
different functions are combined is a major question that 
is only now being answered in molecular terms. 

The basic structure of an intact immunoglobulin is 
a Y-shaped molecule composed of two H and two L 
chains (Fig. 8.9); in immunoglobulins A and M, these 
molecules are assembled further into larger complexes. 
The L chain consists of V L and C L domains, and the H 
chains consist of V H , C Hi , C^t, and C H3 domains. Ail 
these domains consist of about 1 00 residues, are homol- 
ogous in their primary structures, and are independent, 
stable structural units. All immunoglobulin domains 
have essentially the same conformation, designated the 
immunoglobulin fold, consisting of two layers of anti- 
parallel jS-sheets that are usually linked by a disulfide 
bond (Fig. 8.10). The arrangement of the various do- 
in ihe Y-shaped molecule is shown schematically 
in Figure 8.9A. The polypeptide chains between the 
domains are susceptible to proteases. Most susceptible 
is the hinge region linking the two arms to the base of the 
Y. After cleavage at this site, the two arms are released 
individually and are known as F^ fragments; the base is 
known as the F c fragment. Each F lb fragment contains 
the V L , Q,, V H , and Cj,, domains; the F c fragment has 
two copies of each of the and C }iJ domains. F v 
fragments are produced in other ways and consist of 
only the V H and V L domains. The connecting segments 
between the domains have varying degrees of flexibil- 
ity, and the individual domains undergo considerable, 
motion relative to each other. The Y-shaped molecule 
shown in Figure 8.9 is just one of many shapes that an 
immunoglobulin can adopt in solution. 

The immunoglobulin domains interact with each 
other in a variety of ways in an intact H 2 L 2 molecule 
(Fig. 8.9B). The two C m domains interact with each 
other in the F e portion, as do the two C m domains, Each 
arm of the molecule is composed of one C H5 domain 
interacting with one C L domain, plus the interacting V H 
and V t domains. All pairs of C domains associate in a 
similar manner in which the members of one of their 
pairs of jg-sbeets associate isologously (see Fig. 6.25); in 
contrast, the V domains associate by means of the other 
/2-sheet Less extensive, and presumably less stable, in- 
teractions also take place between domains adjacent in 




The immunoglobulin fold. Two layers of antiparatie! /f-sheet| 
are folded on top of each other to form a sandwichlike 
structure. Between the two layers are hydrophobic side 
chains and the indicated disulfide bond linking two Cys resi- 
dues about 60 residues apart: one Cys residue is its the mid- 
die of the second strand from the left of the top sheet; the f 
other is in the middle of the second strand of the bottom 
sheet. In V L domains, as illustrated here, ihe top jS-sheet has ; 
five strands, the bottom four. The two strands at the right 
edge of the five-strand sheet are missiag in C domains. The 
loops containing the hypervariable regions in V domains 
are shaded dark, (From |. Richardson. Adv. Protein Chem. ; 
34:167-3.19, 1981.) 



the primary structure. Nevertheless, the segments of| 
polypeptide chain linking the domains have varying de- 
grees of flexibility ; especially flexible is the hinge region 
linking the F ab and F c portions, which makes the two Fv 
arms particularly mobile, 
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a. Recognition of Antigens 

The antigen-binding sites are at the tips of the two 
arms, situated between the V L and V H domains. Both F at 
and F v fragments retain the antigen-binding sites. Each 
site is composed of the residues of the three irregular 
ioops between ^-strands of both the L and H chains (Fig. 
8.! 1). Different binding sites are generated with differ- 
ent amino acid side chains in these positions, which are 
known as the complementarity determining regions, or 
CDRs. Their conformations depend largely on the con- 
served structure of the remainder of the immunoglobu- 
lin fold, which serves as a scaffold {Fig, 8.10). Conse- 
quently, the conformations of the CDR regions of many 
antibodies can be predicted with some degree of success 
from just their amino acid sequences. Also, the CDR 
regions from one immunoglobulin can be grafted onto 
the scaffold of another, and it is now becoming possible 
to design antibodies to order. 

An enormous number of antibody molecules with 
different antigen specificities are made by complex or- 
ganisms, and this diversity of immunoglobulin primary 
structures is generated by a special mechanism during 
their biosynthesis. The variable domains are encoded by 
separate gene segments, designated as variable fv'^), 
diversity (D), and joining (J) segments for the heavy- 
chain and V L and 1 L segments for the light chain. Forthe 
heavy chain in me mouse, there are 100- i 000 V H ele- 
ments, approximately 1 2 D elements, and 4 I elements. 
Similarly, the light chain is encoded by mote than 1 00 V 
and 5 J L elements. Different antibody molecules are 
generated by joining these elements in different combi- 
nations. Further genetic variation is introduced at the 
sites where these gene segments are joined together by 
the genetic fusion mechanism. In this way, 10*-10 10 
different antibody molecules can be generated from a 
limited number of gene segments. Most of this variation 
is produced in the residues comprising the three CDR 
regions of each polypeptide chain. Accordingly, the 
CDR regions are hypervariable in different antibody 
molecules, and they are also known as the hypervari- 
able regions. 

Each antibody-producing cell normally produces a 
single antibody molecule. When such a cell encounters 
an antigen that its antibody recognizes sufficiently (at 
this stage known as an immunogen), the cell is induced 
to synthesize the antibody in large quantities, to un- 
dergo cell division, and to proliferate. Fn the process, the 
genetic segment coding for the variable region of the 
antibody molecule undergoes mutation at a rate much 
greater than normal Progeny cells producing antibodies 
with greater affinity for the immunogen are then se- 
lected. Consequently, the immunological response to an 
immunogen changes with time. Initially, many low- 



affinity antibodies are produced, with J£j — 10~'-10~ 7 
M, but with time, antibodies of increasing affinity are 
produced. In an organism, many different antibody mol- 
ecules are produced by many different cells, so normal 
antisera are very heterogeneous, individual antibody- 
producing cells can be selected and cloned, however, 
and homogeneous monoclonal antibodies produced by 
them. Furthermore, the methods of protein engineering 
(Sec. 2.2) make it possible to manipulate the genes for 
antibodies, to express them in microorganisms, and to 
select for antibodies of the desired specificity. 

There is one important restriction in the number of 
different antibody molecules that the noma! immune 
system produces naturally against various antigens. 
Antibodies are not usually produced against molecules 
that are normally present in the host organism, for obvi- 
ous reasons. 

The interactions of antibody-combining sites with 
antigens seem to be no different from the interactions of 
other proteins with tigands. They occur with compara- 
ble rates and binding constants. Crystal structures of 
several immunoglobulin -antigen complexes demon- 
strate the usual, but still remarkable, complementarity 
of shapes of she CDR regions and of the antigen, with the 
usual van der Waais interactions and hydrogen bonds. 
No large conformational changes take place in the anti- 
body molecules upon binding antigens. The six CDR 
loops play varying roles in the various complexes, and 
not all necessarily interact with each antigen. Gener- 
ally, the heavy-chain CDR regions seem to play the 
major role, and single V H domains often have significant 
affinities for ligands. 

A major question to be answered is how the bind- 
ing of antigens to the binding sites of intact immuno- 
globulins at the tips of the F ib arms triggers the effector 
functions, such as complement activation, which are a 
properly of the F c portion of the molecule. Different 
classes of immunoglobulins have different C domains 
and different effector functions. There is little evidence 
for specific conformational changes in immunoglobu- 
lins upon antigen binding, although the immunoglobu- 
lins undergo a wide variety of motions of the various 
domains relative to each other. Effector functions ap- 
pear to be triggered primarily by the formation of large 
antigen-immunoglobulin aggregates. In particular, the 
first protein of the classical complement activation 
pathway, Clq, is a complex structure resembling a 
bunch of six tulips, with six globular heads joined by 
six collagen-like stems that are held together in the 
tower half. Each head binds to the C m domain of an im- 
munoglobulin: the simultaneous binding of many 
heads lo aggregated immunoglobulins and atnigens 
appears to be the trigger that sets off complement activ- 
ation. 
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b. Proteins as Antigens 

If no ligands are known for a given protein, they can be 
made to order by preparing antibodies against it. This 
can be extremely important for identifying and quanti- 
fying a protein. For example, a new protein known only 
from its gene sequence can usually be identified by syn- 
thesizing a peptide corresponding to a short segment of 
its primary structure, preparing antibodies against this 
peptide, and using these antibodies to identify the pro- 
tein. This procedure is most successful if this peptide 
corresponds to a part of the primary structure that is 
accessible to antibodies, even in the folded native con- 
formation. 

Specific proteins are often identified immuno- 
chemiealiy by a procedure known as Western blotting. 
Proteins in samples separated by electrophoresis in 
polyacryiamide gels (Sec. 1 .5.3) are transferred electro- 
phoretically, in a way that retains the electrophoretic 
pattern, to a membrane to which the proteins stick 
fUe membrane is then treated with antibodies 
specific for the protein to be detected, and the positions 
of the bound antibodies are visualized in various ways. 
Using Western blotting, a single protein can be detected 
specifically among a mass of other proteins. The tech- 
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nique of Western blotting need not employ antibodies 
but can use other ligands that bind specifically to certain 
proteins. At least some proteins seem, perhaps surpris- 
ingly, to refold after or during transfer to the membrane 
because they exhibit ligand-binding properties that are 
dependent on the folded conformation of the protein. 

There are numerous other immunochemical meth- 
ods for quantifying specific proteins, some of which are 
of clinical importance. All of these immunochemical 
procedures are dependent on the conformational speci- 
ficities of antibodies directed against, proteins and pep- 
tides, and their cross-reactivities, so there has been sub- 
stantial interest in proteins as immunogens. After much 
controversy, the determination of several crystal struc- 
tures of complexes of proteins bound to antibodies di- 
rected against them (Fig. 8. 1 2) has substantially clarified 
the situation. These crystal structures demonstrate thai 
neither the antibody nor the protein antigen change 
their conformations substantially upon interacting. The 
interface between them is similar to those between 
other interacting protein molecules. Antibodies gener- 
ally recognize an area on the surface of the protein 
determined largely by the size of the binding site on the 
antibody; this binding invariably involves atoms from 
residues of the protein that are distant in the sequence 
but are brought into close proximity by the protein's 
conformation. All antibodies against proteins are spe- 
cific in some way for their conformations, which is the 
basis of their use in measuring conformational equilib- 
ria (Sec, 7.5.3.d). 

Native proteins used as immunogens generally 
elicit at least some antibodies specific for the folded 
conformation, depending on the stability of the protein 
to the immunization procedure, Antibodies recognizing 
the folded conformation may be directed against any 
portion of the protein surface unless the hosl organism 
contains a protein with the same surface. If the protein is 
not very stable, unfolded molecules will also be present 
or will be produced by the immunogenic manipulations, 
and antibodies recognizing the unfolded slate will also 
be produced. Proteins unfolded irreversibly and peptide 
fragments of a protein can also be used to produce anti- 
bodies recognizing the unfolded state. The specificity of 
such antibodies remains to be determined, but it is most 
likely that each antibody is specific for one of the many 
conformations that disordered polypeptides can adopt. 
Accordingly, unfolded proteins and peptides have sub- 
stantially lower affinities for their antibodies than do 
folded proteins. 

Antibodies against folded proteins cross-react with 
unfolded proteins or peptide fragmenls, and vice versa, 
to varying extents, depending on the conformational 
flexibilities of the two conformational states of the pro- 
tein (Sec. 7.5.3.d). Antibodies against a peptide frag- 
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interactions with Other Molecules 





FIGURE 8-12 . 
A composite of hen lysozytne binding to the F v regions of three different artilysozyme anti- 
bodies. D i ,3, HyHEL-5. and HyHEL- 1 0. For simplicity of illustration, the three Fv frag- 
ments have been pulled away somewhat from the lysozyme molecule in the cepfer. C« rep- 
o i are used For the F v fragments and for lysozyme, and a dot representation is used 
interact surfaces. Note that the three epitopes o? v ■ % 

three antibodies do not overlap, except for a $mali overiap between those ot HyHEL- 10 and 
DU. (From D, R. Davies et al, Ann. Rev, Biochem. 59:439-475, 1990.) 



merit recognize the native protein to the extent that it 
unfolds spontaneously or if it is induced to do so by the 
manipulations used in the immunochemical measure- 
me nts. The possibility that the peptide fragment tends to 
a ttibodies against a particular conformation 
must also be considered. 

Antibody molecules can also be used, in a different 
species, as immunogens. Of special interest are the anti- 
bodies that are directed against their antigen-binding 
regions, known as anti-isHoiopes. if such anti-idkrtopes 
are complementary to the immunogenic antibody bind- 
ing site, they should be equivalent to the antigen to 
which the immunogenic antibody was raised (Fig. 8.1 3). 



Aoti-idiotopes should be useful for binding studies hi 
place of that antigen, and this expectation has ' ■ 
fulfilled in some instances. Although the antigen ..«• 
anti-idiolope surfaces are equivalent to at least some 
extent, sufficient to permit their binding to the saint- 
antibody molecule, they need not be structurally equiv- 
alent 



References — . — - 

The antigenic structure of proteins: a reappraisal. D.C Benja- 
min et ai. Ann. Rev. Immunol. 2:67-101 (1984). 



8.3 Relationship between Protein Conformation and Binding 




FIGURE 8.13 

Schema* iliu > v 3 ™ b d ?l 3 £KiE 

uses. ,4: A sought-after receptor for a specific iigand bound 
to the ligand. S: Antibodies directed against the functional 
region of the ligand should have a combining site that 
mimics the receptor. C; An anti-idiolopic antibody that is 
raised against the eon ^ - g c first antibody should 
have a combining site that mimics the iigand. D: Such anti- 
idiotopes should be able to identify the sought-after receptor. 
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83.2 DNA-Binding Proteins 

Proteins that bind specificaiSy to DNA are of great bio- 
logical importance because they are usually involved in 
replication or expression of genetic information. Of 
s c e hnlto 

very specific sites on the DNA, defined by specific se- 
quences of the four nucleotides A, T, C, and G at a few 
adjacent positions. For a protein to distinguish among 
different nucleotide sequences in double-stranded DNA 
is not straightforward because the nucleotides of the 
two antiparaltel strands are base-paired (A-T, T-A, C-G, 
and G-C) in the interior of the double helix (Fig. 8.14). 
The exterior surface of the double helix is almost inde- 
pendent of its nucleotide sequence, being composed 
primarily of the constant phosphate -sugar backbone. 
Only the edges of the nucleotides are accessible to the 
solvent and to the protein, primarily in the major groove 
of the DNA double helix. The nucleotides are dis- 
tinguished primarily by the polar groups that are ac- 
cessible. 

If a protein is to discriminate among DNA base- 
pairs by interacting with their edges in the major 
groove, it needs to have interacting groups that pro- 
trude substantially from its surface, to be able to coistact 
the nucleotides at the base of the groove. The best char- 
acterised structural motif that accomplishes this is the 
helix-tura-helix, which protrudes from the protein sur- 
face. It is observed in a number of proteins that have no 
other structural similarities (Fig. 8.H). This structural 
motif seems to have sufficient intrinsic stability to be 
able to exist as a protuberance, with few interactions 
with the rest of the protein structure, in order to pene- 
trate the DNA major groove. A number of hydrophobic 



